1. Introduction {#sec1}
===============

Ki67 is a nuclear protein expressed throughout all the phases of the cell cycle from G1 to M-phase \[[@bib1]\]. Due to its association with cellular proliferation, Ki67 detection by immunohistochemistry (IHC) has emerged as a useful and inexpensive tool to assess the proliferation index of a tumor. Many studies have shown prognostic and predictive values of Ki67 in a wide range of malignancies \[[@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]\] \[[@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]\] \[[@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]\]. In particular, in breast cancer (BC), Ki67 has been successfully used not only for classification and risk assessment purposes but also to decide therapeutic endpoints in the context of neoadjuvant settings \[[@bib10], [@bib11], [@bib12], [@bib13]\] \[[@bib10], [@bib11], [@bib12], [@bib13]\] \[[@bib10], [@bib11], [@bib12], [@bib13]\].

The promise of Ki67 as a biomarker is affected by technical and scoring reproducibility issues, which make it not ready for clinical use. Despite the efforts of the International Ki67 in Breast Cancer Working Group (IKWG) to standardize the preanalytical, analytical, interpretation, and data analysis steps, variations in protocols and scoring methodologies across laboratories remain large contributors to assay variability \[[@bib14],[@bib15]\]. Manual counting provides better interobserver reproducibility as compared to visual estimation \[[@bib16]\]. However, as scoring the whole section seems impractical, the location and extent of the area that should be scored are controversial and subject to observer\'s interpretation \[[@bib17],[@bib18]\]. As a consequence, despite different Ki67 thresholds to define luminal A vs luminal B tumors (14%, 20%, laboratory median values \[[@bib19], [@bib20], [@bib21]\] \[[@bib19], [@bib20], [@bib21]\] \[[@bib19], [@bib20], [@bib21]\]) have been proposed, no absolute standard methodology and cut-off point have been defined so far. In this context, the use of multigene tests \[[@bib22], [@bib23], [@bib24]\] and digital image analysis (DIA) \[[@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32]\] may be valuable, especially across intermediate Ki67 levels where there is high uncertainty.

While computer-assisted methods are expected to provide a more accurate Ki67 assessment, these approaches either rely on significant pathologist\'s intervention for the area of interest selection or use unique and sophisticated cell segmentation and classification algorithms that require extensive supervised learning.

In this study, we describe a novel methodology for automatic scoring of Ki67 which relies on sequential IHC of Ki67 and cytokeratin using a single slide, followed by virtual image reconstruction for DIA. The use of a cytokeratin mask allows for the precise definition of the region of interest and limits pathologist\'s intervention. The methodology accuracy was compared with manual scoring (MS) determined by multiple observers to demonstrate equivalence or superiority. Finally, the outcome prediction potential of our method was investigated.

2. Material and methods {#sec2}
=======================

2.1. Patients and samples {#sec2.1}
-------------------------

Clinicopathological features of study cohorts are shown in [Table 1](#tbl1){ref-type="table"}. A total of 186 patients from 2 different cohorts was used in this study. Cohort 1 was composed of 99 patients with BC of different subtypes \[hormone receptor-positive (HR+), HER2-positive (HER2+), and triple-negative (TN)\] retrieved from the Pathology Department of the Vall d'Hebron University Hospital (Barcelona, Spain). No survival data were available for this cohort. Cohort 2 comprised an independent set of 87 BCE patients selected from the archives of the Pathology Department of the University Basel Hospital (Basel, Switzerland), with 58 months median follow up for overall survival (OS).Table 1Clinicopathologic characteristcs of study cohorts.Table 1**Cohort 1Cohort 2***N%N%***Patients**9910087100  **Diagnosis**Invasive ductal carcinoma7878.86170.1Invasive lobular carcinoma1212.11416.1Mixed ductal-lobular carcinoma00.01011.5Medullary carcinoma11.011.1Mucinous carcinoma33.011.1Metaplastic carcinoma55.100.0  **Grade**I11.089.2II3939.43742.5III5454.54248.3NA55.100.0  **pT**T11717.23236.8T25656.64147.1T31515.266.9T411.089.2NA1010.100.0  **pN**Negative4444.43944.8Positive5050.54349.4NA55.155.7  **pM**0991008395.4100,044.6  **Subtype**HER2+2323.2910.3HR+3939.46271.3TNBC3737.41618.4

From the surgical specimens of primary BC of each patient, a representative paraffin-embedded tumor tissue block was selected and five tissue microarrays (TMAs), containing representative BC tissue cores of 1.5 mm, were built. For cohort 1, four TMAs were constructed, containing between 2 and 3 cores of 1.5 mm for each tumor, with a total of 242 cores. Cohort 2 BCE cancer specimens were arrayed in one TMA built using one representative core for each tumor sample (87 cores of 1.5 mm).

The protocol of this study was approved by the Vall d'Hebron University Hospital Ethical Committee (PR(AG)76/2018) and all methods were performed in accordance with relevant guidelines and regulations.

2.2. Immunohistochemistry {#sec2.2}
-------------------------

The complete sequential IHC and image analysis workflow used in this study (named KiQuant) is illustrated in [Fig. 1](#fig1){ref-type="fig"}A. Briefly, after deparaffinization and antigen retrieval (CC1, 64 min at 95 °C), one single slide of each TMA was first stained with a standard anti-Ki67 primary antibody (clone 30--9, prediluted, \#790--4286, Ventana, Tucson AZ) for 64 min at 37 °C on an automated staining system (Discovery Ultra, Ventana, Tucson AZ). Antibody binding was amplified with an anti-Rb HRP biotin-free detection system (\#760--4315, Ventana, Tucson AZ) ,visualized using 3-amino-9-ethylcarbazole (Mono AEC/Plus, \#K050, PALEX), an alcohol soluble substrate that results in red staining, and counterstained with hematoxylin. The slides were mounted and digitalized at 20x using a slide scanner (NanoZoomer 2.0HT, Hamamatsu Photonics, Japan). Following digitalization, the coverslip was removed before destaining using ethanol as previously described (Tsujikawa, Cell Reports 2017; Glass, J Histochem Cytochem 2009). The destained slides were then subjected to an additional antigen retrieval step (CC2, 8 min at 100 °C) to completely strip the first primary antibody (anti-Ki67) before the second staining cycle with another antigen retrieval (CC1, 48 min at 95 °C) was started. Then, the anti-Pan-Keratin primary antibody (clone AE1/AE3/PCK26, prediluted, \#760--2135, Ventana, Tucson AZ) was applied for 40 min at 36 °C. Antibody binding was amplified with an anti-MS HRP biotin-free detection system (\#760--4313, Ventana, Tucson AZ). For reproducibility analyses, a second anti-Ki67 antibody was also used (clone MIB-1, \#M7240, DAKO/Agilent, Santa Clara, CA) for IHC in a non-consecutive slide from a TMA of cohort 1.Fig. 1KiQuant workflow. A) This workflow uses sequential Ki67 and cytokeratin (for precise automatic tumor cells recognition) immunohistochemistry staining on the same tissue section. The steps are: staining of the slide with the first primary antibody anti-Ki67, digitalization of the slide after the first staining, coverslip removal and staining of the slide with the second primary antibody anti-Pan-Keratin, digitalization of the slide after the second staining, image alignment, image analysis, quality check, and data report. B) A representative example of a tumor core sequentially stained with Ki67 (top) and Pan-Keratin (middle). In the virtual digital image (bottom), Pan-Keratin-positive brown areas are used to automatically mark the region of interest (dotted orange line). Green and red cells represent Ki67-negative and -positive nuclei, respectively. Ki67-labelled stromal cells not stained by the Pan-Keratin antibody are excluded from the analysis.Fig. 1

2.3. Digital image analysis (DIA) {#sec2.3}
---------------------------------

To analyze the images, we created an algorithm using the Author® module of VISIOPHARM® (VIS) Image Analysis Software (Visiopharm Integrator System version 2019.January 02, 6005, Visiopharm, Denmark). Both Ki67 and cytokeratin stained digitalized slides were automatically registered, to fuse the information into a single virtual digital image (VDI), using the Tissuealign® module of VIS. Cytokeratin stained images were used to classify tumor and stromal areas within each core. A color deconvolution algorithm enhanced tumoral areas that were extracted using a pixel intensity threshold algorithm. Cytokeratin-based segmentations were transferred to the registered Ki67 image. Cells within the cytokeratin mask were classified into Ki67 positive or negative using a cell classification method based on form and size, and a pixel-color intensity threshold method, which considered only KI67 nuclear staining (algorithms specifications in [Supplementary Table 1](#appsec1){ref-type="sec"} and algorithms in Supplementary Material).

Each core on the TMA slides was separately analyzed by locating the tissue, using an automatic thresholding approach, and extracting the area of interest to create separate images. Cytokeratin-positive non cancer areas (such as ductal carcinomas in situ, necrosis or normal ducts) were manually excluded before data extraction. Final results are reported as the cell density, i.e. the total number of cells within the tumor area defined by the mask, number of positive and number of negative cell nuclei, as well as the percentage of positive cells within the corresponding core.

The application was trained by a biotechnologist, expert in image analysis, to identify positive and negative Ki67 cells within the tumor mask in the VDI ([Fig. 1](#fig1){ref-type="fig"}B). After setting the optimal conditions, the methodology was evaluated in samples from cohort 1 and validated on an independent group with follow up data. The framework performance was compared to the results obtained by manual scoring (MS) of three expert board-certified pathologists. MS LI is defined as the ratio between the number of KI67-positive tumor cells and the total number of tumor cells, using either counting or estimation approaches^14^ ([Supplementary Table 2](#appsec1){ref-type="sec"}). Individual images were manually reviewed to exclude non-evaluable cores (n = 24, unpaired cores, cores containing only normal tissue, folded cores or cores without cytokeratin staining).

Method reproducibility was investigated by analyzing KiQuant results obtained by a) staining and analysis of two TMAs (TMA2 and TMA3) during two non-consecutive days (inter-run reproducibility), and b) by staining of two non-consecutive sections of one TMA (TMA2) with two different commonly used anti-Ki67 primary antibodies \[inter-antibody reproducibility, clone 30--9 from Ventana (Tucson, AZ, USA) and clone MIB1 from DAKO/Agilent (Santa Clara, CA, USA)\].

2.4. Statistical analysis {#sec2.4}
-------------------------

Agreement between KiQuant and MS was calculated using intraclass correlation coefficient (ICC) and Bland-Altman (BA) plot. We considered ICC values from 0.4 to 0.6 as moderate reliability, from 0.61 to 0.8 as good reliability, and greater than 0.8 as excellent reliability \[[@bib33]\]. Spearman rank correlation coefficient and Kruskal-Wallis nonparametric test were used to determine the relationship of the difference between KiQuant and MS scoring with analyzed tumor area and BC subtypes, respectively. Overall survival was modeled using the Kaplan-Meier curves, and the significance of differences between these curves was determined using the log-rank test. Statistical analysis, data preparation, and figures were carried out with R-commander (v.1.9--5) and SPSS software (v.25.0; IBM (Armonk, NY, USA).

3. Results {#sec3}
==========

3.1. Correlation between KiQuant and MS {#sec3.1}
---------------------------------------

KiQuant was compared with a reference standard Ki67 LI MS which was determined as the average Ki67 LI between two board-certified pathologists scoring 218 cores of cohort 1 using the counting method \[[@bib14]\]. Correlation between KiQuant and MS was excellent (ICC: 0.905, 95% CI: 0.878--0.926). KiQuant returned systematically lower Ki67 LI results compared to MS (mean, 16.6% vs 21.7%, respectively). The correlation was better in HR+ (ICC: 0.934, 95% CI: 0.905--0.955) than in TNBC (ICC: 0.894, 95% CI: 0.835--0.933) and HER2+ (ICC: 0.862, 95% CI: 0.758--0.923) ([Fig. 2](#fig2){ref-type="fig"}A). BA plot revealed a significant proportional bias (regression analysis, *P* \< 0.0001) by showing that the distance between KiQuant and MS increased with the magnitude of Ki67 measurement ([Fig. 2](#fig2){ref-type="fig"}B). The difference between KiQuant and MS correlated with the analyzed tumor area (Spearman\'s rho = 0.455, *P* \< 0.0001), BC histology (mean difference, IDC = 5.4; ILC = 1.4; Medullary = 23.85; Metaplastic = 7.7; Mucinous = 0.6; Kruskal-Wallis test *P* = 0.001, [Supplementary Figure S1](#appsec1){ref-type="sec"}) and subtype (mean difference, HER2+ = 7.4; TNBC = 6.3; HR+ = 3.1; Kruskal-Wallis test *P* = 0.001). Thirteen cores (6%) from 9 patients showed a difference between KiQuant and MS KI67 LI outside the limits of agreement ([Supplementary Table 3](#appsec1){ref-type="sec"}).Fig. 2**A)** Comparison of manual scoring (MS, y-axis) and KiQuant (DIA, x-axis) in breast cancer. The scattered plots are based on 218 evaluable cores from cohort 1. The breast cancer subtype is indicated in the legend of the top of the plots. Box plots of MS and KiQuant data are shown in the y-axis and x-axis, respectively. **B)** Bland-Altman plot of agreement between Ki67 labeling index (LI) by MS and KiQuant. In the x-axis, the average Ki67 LI between the two assessment methodologies is shown. The y-axis represents the difference between Ki67 LI scored by manual scoring and digital image analysis. The dotted blue line shows the average difference between the two assessments (4.95). The upper (19.51) and lower (−9.60) limits of agreement are indicated by the dotted light-blue lines.Fig. 2

3.2. Concordance of KiQuant and MS across different observers in luminal BC {#sec3.2}
---------------------------------------------------------------------------

Three different pathologists scored 100 cores of luminal (HR+) BC and individual observer MS were compared between each other and with KiQuant results ([Fig. 3](#fig3){ref-type="fig"}, [Supplementary Table 4](#appsec1){ref-type="sec"}). Overall, the inter-pathologist concordance was very high (ICC: 0.932, 95% CI: 0.905--0.952). The agreement between KiQuant and each individual observer was excellent for all observers (OBS1 ICC: 0.877, 95% CI: 0.822--0.915; OBS2 ICC: 0.870, 95% CI: 0.810--0.911; OBS3 ICC: 0.842, 95% CI: 0.774--0.891). Then, we determined the agreement between KiQuant and individual MS across different Ki67 LI cut-offs. The highest concordance rates (ranging from 84% to 100%, depending on the observer) were found below the 2.7% and above the 40% cut-offs, whereas the lowest (ranging from 71% to 90%) were observed within 14% and 30% cut-offs ([Supplementary table 4](#appsec1){ref-type="sec"}). At the clinically relevant cut-off of 20% defined by St Gallen criteria \[[@bib20]\], concordance between KiQuant and MS ranged from 71% to 86%, depending on the observer. Inter-observer concordance was lower below the 20% (ICC: 0.606, 95% CI: 0.467--0.727) as compared to equal or above the 20% (ICC: 0.937, 95% CI: 0.893--0.965) cut-point defined by KiQuant.Fig. 3Heat map of Ki67 scores. Rows represent cases and columns represent observers. Cases are ordered in ascending order by KiQuant values. Blue color gradients indicate Ki67 score ranges (0--2.6%, 2.7--13%, 14--19%, 20--29%, 30--100%). The percentage of agreement between KiQuant and MS (manual scoring represented by the average value among the three observers) is indicated for each Ki67 score range. Intraclass correlation coefficient (ICC) among the three observers and 95% confidence interval (CI) is shown for each Ki67 score range.Fig. 3

3.3. KiQuant reproducibility {#sec3.3}
----------------------------

KiQuant inter-run correlation (n = 120 cores, ICC: 0.917, 95% CI: 0.884--0.942), and inter-antibody reproducibility (n = 64 evaluable cores, ICC: 0.886, 95% CI: 0.820--0.929) were excellent ([Supplementary Figure S2](#appsec1){ref-type="sec"}).

3.4. Prognostic potential of Ki67 LI as determined by KiQuant and MS {#sec3.4}
--------------------------------------------------------------------

To test the outcome prediction potential of KiQuant, we used an independent cohort of 87 breast invasive carcinomas with available outcome data ([Table 1](#tbl1){ref-type="table"}). The analysis was performed using the KiQuant workflow and obtained results were compared with the reference MS LI determined by 3 independent observers. Median Ki67 LI were used as cut-points. Patients with high Ki67 LI by KiQuant had shorted overall survival (all: log-rank, *P* = 0.028; HR+/HER2-: log-rank, *P* = 0.043). For MS LI, the association was statistically significant only in 1 out of 3 observers ([Fig. 4](#fig4){ref-type="fig"}, [Supplementary Figure S3](#appsec1){ref-type="sec"}).Fig. 4Kaplan-Meier curves of overall survival according to Ki67 scores determined by three different observers (A, B and C) and KiQuant (D). Negative (black) and positive (red) lines correspond to patients having a Ki67 LI less or above the median Ki67 value, respectively. *P*-values are from the Log-rank test.Fig. 4

4. Discussion {#sec4}
=============

Ki67 is a useful biomarker for risk stratification, helps to differentiate luminal A- and B-type tumors, and to decide end-of-neoadjuvant-treatment endopoint in clinical trials, thus providing predictive and prognostic information in BC \[[@bib19],[@bib34], [@bib35], [@bib36], [@bib37], [@bib38]\]. However, its implementation in the clinical setting has been hampered by the high technical and interpretation variability, and most significantly, the poor reproducibility across operators and laboratories \[[@bib15],[@bib39]\]. The European Society for Medical Oncology (ESMO) and the American Society of Clinical Oncology (ASCO) have concluded that Ki67 would be a useful clinical tool if standardized \[[@bib40],[@bib41]\]. Meanwhile, the use of multigene predictors has given clinicians a more accurate methodology for risk stratification \[[@bib22], [@bib23], [@bib24]\]. DIA platforms using machine-learning (ML) methods have been proposed as automated systems for Ki67 LI scoring. A recent study comparing different software packages showed an excellent agreement across the different DIA platforms (ICC: 0.933) which suggests that DIA can be standardized to give highly reproducible, platform-independent Ki67 LI automatic evaluation ( \[[@bib42], [@bib43], [@bib44]\].

In this study, we proposed a fairly easily implementable workflow named KiQuant for Ki67 LI assessment which showed excellent reproducibility with reference pathologist standard (ICC:0.905) and satisfactory analytical reproducibility (inter-run ICC:0.917; inter-antibody ICC:0.886). KiQuant shows a series of important features that could make standardization of Ki67 interpretation simple and effective. The novelty of our analysis workflow is the ability to fuse the information contained in two different images derived from sequential IHC on the same tissue slide into one single virtual dual staining (VDS) allowing to superimpose epithelial tumor areas, obtained from cytokeratin, and positive cells information, from Ki67 staining. Previous studies using VDS on serial sections for Ki67 LI determination \[[@bib45],[@bib46]\] found a high correlation between DIA and MS using both TMA and whole slide analyses. However, a high VDS failure rate (24%) was reported \[[@bib46]\] due to the unsuccessful alignment of the Ki67-and cytokeratin-stained serial sections. By using the same slide, our workflow overcomes many of the factors that can cause VDS misalignments, such as differences between cuts, folding, and twisting. As a matter of fact, in our study, none of the cores was excluded due to alignment issues. Additional advantages of KiQuant over conventional VDS protocols are: a) to preserve material for additional biomarkers staining (useful for example for small biopsy samples with scant material), b) to exploit previously Ki67 stained slides through the application of a mask to the original immunostaining or c) to store a smaller number of slides in the laboratories' archives.

In our analysis, we observed that KiQuant returned lower Ki67 LI counts as compared to pathologists\' scoring. This was already described in other studies using DIA \[[@bib46]\] and it is very likely related to pathologist\'s underestimation of the negative over the positive tumor nuclei. We found that this imprecision increased with the magnitude of Ki67 LI. This might also explain the significantly higher difference between DIA and MS in HER2+ and TNBC (high Ki67 LI) compared to HR+ (low Ki67 LI) BC subtypes.

Our analyses were conducted using TMA cores. The KiQuant workflow is not significantly different in whole sections. However, as the size of the scored tumor area affected imprecision, we expect that Ki67 heterogeneity and the choice of the scoring area in the whole section may negatively impact on the correlation between DIA and manual scoring in whole sections \[[@bib21]\].

Ki67 cut-offs are needed for proper patient stratification and treatment decision. However, there is no absolute agreement regarding cut-off points. It has been recommended that each pathology department should set its most appropriate cut-off points \[[@bib14]\]. A 20% cut-off was recommended for distinguishing between Luminal A-like and Luminal B-like tumor types \[[@bib19]\]. A recent meta-analysis concluded that a Ki67 level of over 25% is associated with a worse prognosis \[[@bib47]\]. In our cohort, we observed a low concordance among observers below the 20% Ki67 LI (ICC: 0.606) and agreement rates between KiQuant and MS within the clinically relevant 14% and 30% cut-off points ranged from 33% to 44% ([Fig. 3](#fig3){ref-type="fig"}). In this scenario, automated approaches like KiQuant might improve Ki67 LI reproducibility, specifically around the grey zone area of Ki67 LI of 10--30% where a high level of inter-observer variability has been documented \[[@bib15],[@bib16],[@bib48], [@bib49], [@bib50], [@bib51]\]. Importantly, our study found a significant correlation between high Ki67 by KiQuant and worse survival in both the overall cohort and the luminal BC subtype. This prognostic association could be confirmed only for one out of three pathologists\' Ki67 assessment. These data, beside showing KiQuant as a accurate method to stratify BC into good and unfavorable prognostic groups, support the value of such immunohistochemical-based test that, if appropriately performed and standardized, may provide an easy and cheap alternative to more expensive genomic-based prognostic assays.

Our study has some limitations. Analyses were conducted using TMA cores instead of whole sections where the much more complex histology and biological heterogeneity may impact on the correlation between DIA and MS. The segmentation using cytokeratin-based mask may not be effective in rarer breast cancer types, such as metaplastic and medullary carcinomas. The performance of our DIA algorithm was tested only on images acquired using a single platform. Lastly, the analysis workflow is not fully automatic, as it requires the supervision (although limited) of a pathologist.

5. Conclusions {#sec5}
==============

To the best of our knowledge, our study is the first one to investigate reproducibility and prognostic potential between standard and DIA Ki67 LI using sequential IHC on a single slide. Our method is technically feasible and potentially useful for both diagnostic and research use as it relies on a slide scanner and an image analysis software which are today available in many pathology departments. KiQuant may improve the standardization of Ki67 by overcoming some of the factors that determine poor reproducibility of Ki67 assessment, such as the selection of the scoring area and manual counting thus increasing the confidence of oncologists toward the use of Ki67 in the clinical setting for treatment recommendations.
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